The Automated Transport and Retrieval System (ATRS) is a technically advanced system that enables a powered wheelchair (powerchair) to autonomously dock onto a platform lift of a vehicle using an automated tailgate and a motorised driver's seat. The proposed prototype, SmartATRS, is an example of pervasive computing that considerably improves the usability of ATRS. Two contributions have been made to ATRS: an improved System Architecture incorporating a relay board with an embedded web server that interfaces with the smartphone and ATRS, and an evaluation of the usability of SmartATRS using the System Usability Scale (SUS) and NASA Task Load Index (NASA TLX). The contributions address weaknesses in the usability of ATRS where small wireless keyfobs are used to control the lift, tailgate and seat. The proposed SmartATRS contains large informative buttons, increased safety features, a choice of interaction methods and easy configuration. This research is the first stage towards a "SmartPowerchair", where pervasive computing technologies would be integrated into the powerchair to help further improve the lifestyle of disabled users.
INTRODUCTION
Smart technology has proliferated over recent years (Suarez-Tangil et al., 2013) due to the popularity of smartphones and other smart devices (e.g. SmartTVs, tablets and wearable devices) that have the potential to improve quality of life, particularly for people with disability.
The Automated Transport and Retrieval System (ATRS) is a technically advanced system developed by Freedom Sciences LLC in the United States of America (USA) featured in New Scientist magazine (Kleiner, 2008) . The system uses robotics and Light Detection and Ranging (LiDAR) technology to autonomously dock a powered wheelchair (powerchair) onto a platform lift fitted in the rear of a standard Multi-Purpose Vehicle (MPV) while a disabled driver is seated in the driver's seat. The overall objective of developing ATRS was to create a reliable, robust means for a wheelchair user to autonomously dock a powerchair onto a platform lift without the need of an assistant (Gao et al., 2008) .
The rationale behind creating the smartphone system, SmartATRS, was to improve the usability of the ATRS keyfobs shown in Figure 1 (similar to those used to operate automated gates). One of the Authors is a user of ATRS and identified the need to improve the small keyfobs. This was also emphasised at the 2011 Mobility Roadshow in Peterborough (Elap Mobility, 2011) . Increased ATRS usability has the potential to attract new users who were originally deterred by the keyfobs. SmartATRS was implemented as two sub-systems: Vehicle (ATRS) and Home Control, each with a separate Graphical User Interface (GUI). Home Control can operate any device containing a relay, such as automated doors or gates, but is outside the scope of this paper.
SmartATRS is a first step towards a SmartPowerchair, where pervasive computing technologies would be integrated into a standard powerchair.
STATE OF THE ART
There is an ever-increasing market for assistive technologies (Gallagher et al., 2013) , as approximately 500 million people worldwide have a disability that affects their interaction with society and the environment (Cofré et al., 2012) . It is therefore important to encourage independent living and improve quality of life for people with disability.
Automated Transport and Retrieval System (ATRS)
ATRS uses a laser guidance system comprising of a compact LiDAR device coupled with a robotics unit, which is fitted to the powerchair for locating the exact position of the lift and to drive the powerchair onto the lift. Using a joystick attached to the driver's seat, the user manoeuvres the powerchair to the rear of the vehicle until the LiDAR unit is able to see two highly reflective fiducials fitted to the lift. From then on, the docking of the powerchair is completed autonomously. The autonomous control area has an approximate diameter of one metre (see Figure 2 ). If the powerchair drives outside this area, it will stop instantly and requires manual control via the joystick to return the chair into the autonomous control area.
ATRS requires the vehicle to be installed with three components: 1. A Freedom Seat that rotates and exits the vehicle through the driver's door to enable easy transfer between the powerchair and the driver's seat. 2. A pneumatic ram fitted to the tailgate. 3. A Tracker Lift fitted in the rear boot space.
Although there is an autonomous aspect to ATRS, it is seen as an interactive system that requires user interaction to operate the seat, tailgate and lift. The user group for ATRS consists of people who use powerchairs. SmartATRS was developed to eliminate the small keyfobs that could be dropped easily, falling out of reach.
User Interaction
A key aspect of user interaction is usability, which is defined as "the extent to which a product can be used by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of use" (International Organization for Standardization, 1998) . The usability of a system has greater importance when the users have disabilities (Adebesin et al., 2010) . The success of any system is mainly dependent upon the usability from the "user-perspective" and this can only be achieved by adopting a user-centred design approach early in the design process (Newell and Gregor, 2002) . Such an approach was taken when designing SmartATRS, as the requirements of potential users with disabilities were elicited at the 2011 Mobility Roadshow in Peterborough (Elap Mobility, 2011) .
SmartATRS has two interaction methods: touch and joystick. In general, each method has limitations, highlighted in research conducted by Song et al. (2007) , where a variety of interaction methods for a robot were analysed by performing a user evaluation on five students. It was found that a button interface operated by touch had the slowest mean completion times to move and set the speed of the robot, but was more efficient at controlling rotation. Joystick interaction was identified to be the most efficient overall, as it provided the most consistent performance.
A similar user evaluation was completed for SmartATRS using Controlled Usability Testing (Adebesin et al., 2010) . Users performed pre-defined tasks with SmartATRS in a controlled environment to reveal any specific usability problems that could impact the user's ability to operate ATRS safely and efficiently. Usability testing was combined with questionnaires (Adebesin et al., 2010) measuring the extent to which SmartATRS met the users' expectations.
2009). The requirements were categorized using the Volére types including Safety (SFR), Functionality (FR) and Reliability (RR) and the fit criterion was validated through the usability evaluation presented in Section 4. The key requirements being:
(SFR1) SmartATRS shall not prevent the existing handheld pendants or keyfobs being used as a backup method of controlling ATRS. and the preferences of the user (e.g. a greater Seat Out duration maybe required to ensure safe transfers to the powerchair). An XML editor allowed the durations to be easily viewed and changed by an installer via a matrix. The process of editing the XML file was not visible to the end users, thereby ensuring the safety of ATRSy. Ethernet was used to connect the web server to a Wi-Fi router located in the rear of the vehicle, as it has greater reliability than Wi-Fi and this was essential for ensuring the safe operation of SmartATRS. As the relay board is used in an outdoor environment, it could have been exposed to interference from other Wi-Fi networks or devices, which could cause unsafe operation of ATRS. There was no risk of such interference with Ethernet and therefore, Requirement SFR2 was satisfied. A smartphone communicated with the Wi-Fi router over a secure Wi-Fi Protected Access II (WPA2) network and the GUI could be loaded by entering the Uniform Resource Locator (URL) of the webpage or by accessing a bookmark created on the smartphone. Joystick control of SmartATRS was achieved using iPortal developed by Dynamic Controls (Dynamic Controls, 2014) that communicated with a smartphone via Bluetooth and also enabled the device to be securely mounted onto the arm of the powerchair (Figure 4 ), making the system easier to use.
User Interface
The rationale for the Graphical User Interface (GUI), shown in Figure 4 , was based upon views from the Mobility Roadshow (Elap Mobility, 2011). User feedback and safety features were then incorporated into SmartATRS, which are not present in the keyfobs. Seven command buttons are used to activate each ATRS function. The red Emergency Stop button is twice the width of the other buttons, so that it can be selected quickly in an emergency situation. Five icons allow the navigation between the ATRS Control GUI and up to four Home Control GUIs. All icons are stored on the web server and can be customized to suit the user's preferences by editing the XML file. An image of a vehicle was used for the ATRS Control icon, whereas the images for the Home Control icons represent the function to be controlled, e.g. a gate or door. The use of large command buttons and clearly defined icons reduces the risk of incorrect selection, ensuring visibility in adverse weather conditions.
The background colour of the command buttons changes to light blue and only reverts to the original colour when the function completes. The exceptions to this are the Tailgate and Lift Out buttons that change to orange and disable when necessary to maintain safe operation of ATRS (Requirement SFR2).
Joystick control was developed as an alternative to touch. In this method, navigation through the GUI is achieved by moving the powerchair joystick left or right and buttons are selected by moving the joystick forwards.
EVALUATION
A Controlled Usability Evaluation was conducted on both ATRS and SmartATRS to assess the usability of the interaction methods: keyfobs, touch and joystick. The evaluation provided a means to verify the GUI design ensuring that it was "fit for purpose" for users of ATRS.
Method
The participants of the evaluation performed six predefined tasks with ATRS:
1. Driving the seat out of the vehicle. 2. Opening the tailgate. 3. Driving the lift out of the vehicle. 4. Performing an emergency stop whilst the seat and lift were simultaneously driving into the vehicle. 5. Closing the tailgate. 6. Driving the seat in and out of the vehicle.
Tasks 1, 2, 3, 5 and 6 were specifically chosen because they must be performed whilst using SmartATRS. Task 4 was included to evaluate safety.
Participants and Procedure
The evaluation was simulated by forming a user group of 12 participants in powerchairs who could drive a car. Each participant completed an evaluation pack comprising of two questionnaires. The first questionnaire contained ten statements adapted from the System Usability Scale (SUS) (Brook, 1996) , where participants' rated ten statements on a 5-point scale from 'Strongly Disagree' to 'Strongly Agree' for keyfobs, SmartATRS by touch and joystick. Example statements included: "I thought using the keyfobs was easy" and "I thought that the emergency stop feature of SmartATRS by touch was safe". SUS was selected as a usability measurement, as each participant was able to provide a single score in relation to each question (Bangor et al., 2008) , enabling SUS scores to be calculated for all three interaction methods.
The second questionnaire concerned the workload experienced during the tasks, based on the NASA Task Load Index (NASA TLX) (National Aeronautics and Space Administration, 1996) measuring the Physical, Mental, Temporal, Performance, Effort and Frustration demands. It is a well-established method of analysing a user's workload and is a quick and easy method of estimating workload that can be implemented with a minimal amount of training (Stanton et al., 2005) .
System Usability Scale (SUS) Results
The Adjective Rating Scale (Bangor et al., 2009) was used to interpret the SUS scores, with keyfobs achieving a score of 51.7 (OK Usability), touch achieving 90.4 (Excellent Usability, bordering on Best Imaginable) and joystick achieving 73.3 (Good Usability). This clearly highlights that touch is the most usable; however, joystick can be seen as a significant improvement to keyfobs. A second important result identified the safety of the emergency stop function. A stopwatch measured the time between the command "Stop Lift!" being exclaimed and the lift actually stopping, revealing a standard deviation of 6.8 seconds for the keyfobs, compared to 1.2 seconds for SmartATRS. The average stopping times were 8.4 seconds and 2.2 seconds respectively. These reductions were due to the participants being required to make a decision to press the appropriate button on the keyfobs, whereas with SmartATRS, the emergency stop button could be pressed to immediately stop all functions.
NASA TLX Results
The box plot comparisons in Figure 5 and Figure 5 illustrate the differences in the workload experienced when using keyfobs, touch and joystick.
From the minimum, lower quartile, median, upper quartile and maximum values, it is evident that 'touch' showed lower mental and physical demands. Thus proving that keyfobs are more mentally and physically demanding to use than 'touch' and are less efficient.
A second important observation was the higher effort and frustration levels of the joystick in comparison with touch due to it being less intuitive. Another finding was that 'touch' had a greater discrepancy between the maximum values and the majority of the data. The discrepancy was caused by a participant who was not familiar with using a smartphone, therefore making 'touch' more demanding.
There was a minority of users who experienced low workload levels when using the keyfobs, but overall the box plots are fairly conclusive that 'touch' is the most efficient and least demanding interaction method. 
DISCUSSION
SmartATRS is a new pervasive technology that has been successfully developed to provide an alternative means to interact with ATRS. The key to this was the novel use of a relay board with an embedded web server to interface with the ATRS functions. This created a solution that was smartphone-independent, as the GUI could be accessed with any Wi-Fi enabled smartphone. The use of XML for configuring SmartATRS was efficient as it provided a method that was not visible to the users, ensuring that there was no risk of them tampering with or accidentally altering the timer durations.
Controlled Usability Testing was an effective method of proving that SmartATRS by touch was more usable than the existing keyfobs. Informative statistics were obtained from the questionnaires, which enabled conclusions to be drawn. It was evident that feedback to the user, through the use of button colours and clear text with SmartATRS was a considerable advantage over the keyfobs that provided no user feedback. This was particularly noticeable with the lift where it was difficult to observe the state of the lift from the driver's perspective when using the keyfobs. SmartATRS provides feedback by changing the button colours depending on the current state. The user feedback is particularly important for SmartATRS as it can be viewed as an assistive environment. Metsis et al. (2008) comment, that assistive environments should not be obtrusive. SmartATRS is less obtrusive than standard ATRS as the users are not required to use small keyfobs that need to be carried in addition to a smartphone.
A key finding from the user evaluation was the increased safety of the emergency stop with SmartATRS, where all functions are stopped instantly using a single button press, unlike the keyfobs. The large size of the emergency stop button and its distinctive red colour contributes to safety. This improved safety was reflected by the substantial difference in emergency stop times (6.8 seconds for keyfobs and 1.2 seconds for SmartATRS) and that 100 per cent of participants agreed that the emergency stop with SmartATRS was safe. The importance of robust assistive technologies is acknowledged by Metsis et al. (2008) who recommend that unusual situations must be supported by such technologies to cater for user errors. The NASA TLX results showed noticeable increases in the mental and physical demands experienced when using keyfobs, compared to SmartATRS. Trewin et al. (2013) conclude that mobile devices have great potential for increasing the independence of people with disability in their daily lives and this is reflected with SmartATRS. The addition of smartphone control to ATRS may increase the independence of users who were initially deterred by the poor usability of the keyfobs.
FUTURE WORK
Alternative interaction methods will be assessed and evaluated to determine whether the usability of SmartATRS can be even further improved. The ability to control the powerchair-vehicle interaction using electroencephalograph (EEG), eye and head tracking, as well as voice will be researched. It will be necessary to contact powerchair manufacturers to investigate whether there is an interest in our initiative of integrating pervasive technologies into a powerchair to develop a SmartPowerchair.
CONCLUSIONS
ATRS and SmartATRS have been evaluated and shown that an innovative and novel use of pervasive technology has improved usability compared to the small keyfobs. SmartATRS thereby meets a functionality metric defined by Metsis et al. (2008) , stating that "an assistive technology must perform correctly in order to serve its purpose".
The user feedback obtained at the Mobility Roadshow highlighted the need to improve the usability of the keyfobs. A SmartATRS prototype was developed that provided a smartphone independent solution that integrated a relay board and embedded web server into the standard ATRS system architecture. The SUS results proved that SmartATRS by touch had 'Excellent' and borderline 'Best Imaginable' usability, compared to the keyfobs that achieved 'OK' usability. Completing NASA TLX on the interaction methods showed that SmartATRS by touch was less mentally and physically demanding than keyfobs. Despite joystick control having higher levels of demand than touch, it was concluded to also be an improved interaction method over keyfobs. Safety of ATRS was enhanced through an emergency stop function that allowed all functions to be immobilised with a single command button, producing dramatically reduced emergency stop times than keyfobs.
The development of SmartATRS has been an initial step to creating a SmartPowerchair. In order to achieve this, future user evaluations will be conducted to identify the most suitable pervasive computing technologies to apply. Through the successful integration of such technologies, a SmartPowerchair is anticipated to further enhance the quality of life and independence of people with disability.
